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Introduction Library Construction and Selection of Target
The engrailed homeodomain (En-HD) offers a model pro-DNA-Specific Clones tein-DNA interaction for studying eukaryotic gene regu-Shotgun scanning applies phage-displayed libraries with lation and DNA binding specificity by proteins. DNA recalanine, homolog, or wild-type substitutions programmed ognition by homeodomains, including En-HD, has been in specific positions. Though the goal of alanine shotgun studied by high-resolution X-ray and NMR structures scanning is a library composed of substitutions with [1-10], mutational studies [11] [12] [13] , and in vitro selection alanine or wild-type, some positions also encode two experiments [14] [15] [16] . En-HD folds into three ␣ helices additional amino acids, due to degeneracy in the genetic with an unstructured N-terminal arm. Key to DNA recogcode; these additional substitutions are labeled m2 and nition, helix-3 (the "recognition helix") fits into the DNA m3 in Table 1 . Homolog shotgun scanning features limajor groove, while the N-terminal arm interacts with braries of the wild-type and the homolog substitution with degenerate substitutions listed in Table 2 En-HD variants for the most diverse alanine shotgun 
scanning library). In the naive library, a roughly 1:1 ratio every combination of wild-type and alanine substitutions. of wild-type to alanine for targeted positions was observed (data not shown). Two alanine shotgun scanning
To enrich these libraries for members that bind with high affinity and specificity to TAATTA, we used a phage libraries were constructed [18] , since a single library including all 30 residues would be unable to include selection system capable of isolating active mutants of EnHD [20] . From the enriched pools, wild-type or single alanine-substituted En-HD accounted for Ϸ11% of the the TAATTA sequence of DNA as wild-type En-HD, but For example, at the N terminus of the first library, the exhibits essentially no binding to TAATCC. Thus, L26V wild-type side chain of K17 was strongly favored over improves the specificity for DNA binding but not the truncation to alanine (K:A ϭ 7:1). However, due to codon affinity. I45V, however, improved En-HD binding for degeneracy, two other possible substitutions were ex-TAATTA (approximately 3-fold), but retained, like wildplored, including a glutamic acid replacement for K17.
type En-HD, a slight affinity for TAATCC. The charge-Surprisingly, the mutation K17E was more strongly faswitching substitution, K17E, decreases En-HD affinity vored than the wild-type lysine (E:K ϭ Ͼ12:1). In a few for DNA. positions (F20, Y25, and L34), substitution with alanine was not tolerated at all (wt:A ϭ Ͼ92 or Ͼ80 in Table 1 ).
Discussion To explore the importance of F20 and Y25 to recognition of DNA, we next constructed a library of homolo-Direct En-HD Contributions to DNA Binding gous substitutions (e.g., Tyr to Phe) from residues 17 to Through quantification of the contributions made by 30 31. The F20Y mutation was selected only once out of En-HD residues to sequence-specific DNA recognition, 56 homolog scanning selectants (Table 2) 
. In contrast, data from shotgun scanning identify side chain functionthe equally alanine-resistant Y25 readily tolerated subalities critical for protein function. These data complestitution to phenylalanine (F:Y ϭ 1.7). L34, not previously ment the wealth of available En-HD structural informadiscussed as important to En-HD, resists loss of even tion [1-10] and other selections with phage-displayed a single methylene, as demonstrated by homologous
En-HD [20] . Enrichment for a particular substitution patsubstitutions from alanine shotgun scanning; substitutern, following rounds of selection for binding, can be tion from leucine to valine at position 34 was disallowed.
influenced by expression in the E. coli host, improve-Additional strongly preferred hydrophobic residues ments to folding, and contributions, direct and indirect, were L26, L38, L40, and I45. However, both L26 and to protein function. Bias due to expression in the E. coli I45 were shown to prefer substitution to valine, and host can be uncovered through growth of the naive positions L38 and L40 tolerated valine to a lesser extent. library; the naive library used in this study retained a Of the five arginine and two lysine residues in the roughly 1:1 ratio of wild-type to alanine (or homolog for shotgun-scanned region, four (K17, R30, R31, and K46) the homolog shotgun scanning library). were preferred to alanine. Though R18 tolerated substi-A few shotgun scanned En-HD residues account for tution to lysine, alanine was actually the preferred subeither direct or water-mediated contacts to DNA. For stitution in this position. Other polar residues in this example, Y25 appears to form an off-center, though key, central region of En-HD, such as N21 and E28, preferred -cation interaction with R53 at one end of En-HD; this alanine to wild-type by at least 5-fold; perhaps contributresidue is critical for En-HD function, as demonstrated ing less to En-HD function, E22, N23, and T27 demonby a total lack of alanine substitution in this position. strated at least a 3-fold preference for the wild-type Shotgun scanning positions completely intolerant of alaresidue. In the loop region, position 39 preferred the nine occur only infrequently. This general tolerance for wild-type glycine to alanine (G:A ϭ 3.1). Unprogrammed, alanine observed during shotgun scanning attests to spontaneous mutations typically occur infrequently durthe plasticity of protein interfaces in general, and specifiing shotgun scanning. However, a strong preference for cally to the critical role of Y25. To more carefully explore mutation of R29 to the unprogrammed substitutions of hydrogen bonding to the DNA backbone by Y25, a hoeither S, T, D, or H was observed (mutant:R ϭ 48:1). molog shotgun scanning explored the Y25F mutation in In other positions, unprogrammed substitutions were this position and homologous substitutions for surunobserved or occurred at negligible rates (Ͻ1-2 substirounding residues. In the homolog shotgun scanning tutions). library, substitution of Y25 with phenylalanine (Table 2) resulted in essentially no preference for phenylalanine Single Point Mutagenesis or tyrosine in this position (F:Y ϭ 1.7:1). This result dem-To further investigate unexpected substitution patterns, onstrates the dispensability of a hydrogen bond to the single point substitutions were introduced into the wild-DNA backbone in this position. Thus, the most important type En-HD before phage ELISA assessment of mutant specificity and affinity (Figure 2) . Two homologous sub-contribution to En-HD function by Y25 is to cap one end 
droxyl, as evidenced by the strong preference for phenylalanine in this position (F:Y ϭ 55). The additional hydroxyl group could disrupt interaction with R53 or I56. of the protein, forming -cation and van der Waals interac-
Residues F20 and Y25 have been previously shown to tions to neighboring side chains. Interestingly, the S25Y be highly conserved for the naturally occurring HDs, mutation in the yeast HD, a1, improves DNA binding further corroborating our data [22] . affinity through an analogous structural effect [21] .
Demonstrating that shotgun scanning can identify R31 also contributes critical hydrogen bonds to Enresidues important for protein folding, the importance HD functionality, as demonstrated by a strong preferof R30 to En-HD function was demonstrated by its nearly ence for the guanidine functionality of arginine (R:A ϭ 9:1 preference over alanine. R30 was previously shown 8.6). Substitution of arginine and lysine in the position to be necessary to folding by virtue of its hydrogenby homolog shotgun scanning (Table 2) demonstrated bonding ability to the En-HD backbone at residues 19, a slight preference for the bidentate hydrogen bonding 23, and 25 [24]. L26, which is part of the conserved capabilities of the guanidine functionality of arginine hydrophobic core network described above, also influ-(R:K ϭ 2.5:1). Mutagenesis of such key residues in huences the conformation of R30 [24]. man HDs is associated with disease (Table 3). For exam-
Shotgun scanning revealed some surprising substituple, R31, termed a "hot spot" of disease, causing mutations. First, a strong preference for the K17E mutation tions in human HDs, contributes substantially to En-HD was observed (E:K ϭ 12.5:1). This mutation substitutes functionality; mutations in this position are associated negative for positive charge in a position that, in the with five different developmental diseases [22] (Table  wild- A ϭ 4:1) , the mainly core-forming hydrophobic residues scanned here vigorously reject alanine substitution. Alanine could introduce unfilled space ELISA, but not to the extent of the K17/E52 mutant in the hydrophobic core, thus forcing energetically disfa- (Figure 2) . vorable inclusion of water. The alanine shotgun scanning data also uncovered En-HD core residue substitutions less drastic than the importance of some previously unexamined En-HD alanine do not provoke the same strong response. In residues. E22 was preferred nearly 6-fold over alanine, fact, homologous substitutions sampled by the En-HD nearly 5-fold over aspartic acid, and an astonishing 45libraries were sometimes selected as the preferred subfold over glutamine (Table 2 ). These results demonstrate stitution for a given protein core position. Thus, though the utility of both the carboxylic acid moiety and side not nearly as plastic as surface residues, the En-HD core chain length in this position. Similarly, the importance exhibits a surprising degree of malleability. Residues of N23 is suggested by preference for asparigine over composing the hydrophobic core often tolerate homoloboth alanine and aspartic acid (N:A ϭ 7, N:D ϭ 5) . The gous substitutions, which can even improve upon wildcarboxamide of N23 could provide two hydrogen bonds type En-HD (Figure 2) . Our data also demonstrate that to assist formation of the first turn between En-HD heli-En-HD residues are not optimal for binding; through ces one and two (Figure 4) . evolution, En-HD has obtained adequate, though not maximized, binding affinity and specificity for DNA. We Residues Preferring Alanine or Homolog Substitution suggest that it may be advantageous for En-HD to have Shotgun scanning also identified a few positions with lower binding affinity to DNA in order to adjust response strong preference for alanine or a homolog in place of dynamics at the promoter, thereby ensuring proper tranthe wild-type residue. R18, for example, appeared to scriptional regulation. hinder binding to DNA when compared to alanine, which was favored 5-fold over arginine. This substitution pat-Significance terns appears counterintuitive, because one might expect arginine to stabilize DNA binding as opposed to
tion of L26 (wt:
This study expands our knowledge of protein-DNA inobstructing it. Although asparigine in position 21 was teractions, particularly for En-HD residues contributstrongly disfavored compared to alanine (N:A ϭ 0.2, ing indirectly to DNA specificity and affinity. Such resi- Table 1 ), homolog shotgun scanning revealed little prefdues precisely set up the En-HD recognition helix. For erence for carboxylate or carboxamide in the position example, many of the En-HD residues shown to be (N:D ϭ 0.8). E28, a residue near the phosphodiester important by alanine shotgun scanning were in the backbone, strongly preferred an alanine substitution two En-HD loops. E22 and N23 help form the first (E:A ϭ 0.2), since negatively charged glutamic acid could loop, while hydrophobic residues L34, L38, L40, and repel the DNA backbone; perhaps not surprisingly, a I45 shape the second En-HD loop. preference for the unprogrammed mutation to arginine With missense mutations in the human HD consenin position 28 was found (R:E ϭ 3). Position 28 has sus sequence known to result in human disease [22] , been shown to be highly variable among a variety of HD our data clarify how En-HD residues not in direct conmissense mutations, yet is not strongly associated with tact with the DNA target can alter protein function. The human disease [22] .
En-HD core tolerated substitutions with homologous A slight modification, I45V, to the leucine/isoleucine residues to a surprising extent, but in general failed splint (Figure 3) can improve the En-HD affinity for DNA to accept alanine substitutions in place of core hy- (Figure 2) . This mutation illustrates the subtle contribudrophobic residues. Significantly, both natural and tions to protein function made by En-HD residues not in vitro evolution converged on the same consensus in direct contact with DNA. In position 26, both leucine sequence. However, improvements to En-HD affinity and valine were strongly preferred to alanine to an apwere uncovered by shotgun scanning, which suggests proximately equal degree (Table 1) . Thus, the mutation that natural evolution stopped affinity optimization after reaching an adequate affinity. L26V resulted in a slight gain to En-HD DNA binding 
